18. P. Chen, W. Nordstrom, B. Gish, J. M. Abrams, Genes Dev. 10, 1773 (1996 The neurodegeneration observed in Alzheimer's disease has been associated with synaptic dismantling and progressive decrease in neuronal activity. We tested this hypothesis in vivo by using two-photon Ca 2+ imaging in a mouse model of Alzheimer's disease. Although a decrease in neuronal activity was seen in 29% of layer 2/3 cortical neurons, 21% of neurons displayed an unexpected increase in the frequency of spontaneous Ca 2+ transients. These "hyperactive" neurons were found exclusively near the plaques of amyloid b-depositing mice. The hyperactivity appeared to be due to a relative decrease in synaptic inhibition. Thus, we suggest that a redistribution of synaptic drive between silent and hyperactive neurons, rather than an overall decrease in synaptic activity, provides a mechanism for the disturbed cortical function in Alzheimer's disease.
A progressive decrease in neuronal activity is an established feature of Alzheimer's disease (AD) (1, 2) . Even early stages of AD are associated with a decrease in the density of cortical synapses (3, 4) and dendritic spines (5) . Furthermore, results obtained in various animal models of the disease show amyloid b (Ab)-mediated inhibition of synaptic currents (6) (7) (8) , disruption of synaptic plasticity (9, 10) , as well as endocytosis of glutamate receptors (8, (11) (12) (13) (14) (15) . These findings are summarized in the synaptic failure hypothesis suggesting that "AD represents, at least initially, an attack on synapses" (4) . To test this hypothesis under in vivo conditions, we explored activity of individual cortical neurons in a mouse model of AD. We used doubletransgenic APP23xPS45 mice ( fig. S1) (Fig. 1A) , we used the multicell bolus loading technique (17) . We sequentially injected the Ca 2+ indicator dye Oregon Green 488 BAPTA-1 AM (OGB-1) and the fluorescent marker thioflavin S, known to label fibrillar amyloid deposits (18) (19) (20) (21) .
For the assessment of neural network function in APP23xPS45 mice, we analyzed the spontaneous ongoing cortical activity, which is known to be an important determinant of information processing in the brain (22) (23) (24) (25) (26) . We simultaneously monitored spontaneously occurring somatic Ca 2+ transients in many individual cells (Fig.  1, A and B) . Such Ca 2+ transients directly reflect firing of action potentials in neurons (27, 28) . In wild-type (WT, 6-to 10-month-old) mice, the pattern of ongoing activity was remarkably stable from cell to cell (Fig. 1 , B and C) with a low mean frequency of Ca 2+ transients (1.41 T 0.04 transients/min, n = 564 cells). In APP23xPS45 mice of the same age, the pattern of activity was distinctly different from that in the WT control mice (Fig. 1, B to D) . In the mutant mice, only 50% of the neurons were active in the normal frequency range, whereas the remaining neurons were at roughly equal proportions, either silent (showing no Ca 2+ transients over 6-min-long recording periods) or hyperactive [showing transients at much higher frequencies ( fig. S2) ]. We observed a 16-fold increase in the fraction of hyperactive neurons and a threefold increase in the fraction of silent neurons. We detected no major differences in amplitude (37 T 4% DF/F, where Next, we mapped the distribution of the three types of neurons in relation to the threedimensionally nearest amyloid plaque (16) .
Hyperactive neurons were found only in close proximity (<60 mm) to the plaque border, whereas silent cells and cells with regular frequencies of Ca 2+ transients were distributed throughout the cortex (Fig. 2, A and B) . At increasing distances from the plaques, the proportion of silent cells gradually increased (Fig. 2C) . To address the question of whether changes in neuronal activity pattern occur also in the absence of amyloid plaques, we studied predepositing APP23xPS45 mice (1.5 to 2 months of age; fig. S1 , D to F). At this age the cortical activity was normal, without any difference in the amplitude, the kinetics, or the frequency of spontaneous Ca 2+ transients ( fig.  S3) . Furthermore, the behavioral performance was inconspicuous: At 2 months of age, APP23xPS45 mice performed normally when tested in the discriminatory water maze task [spatial memory test (29) ] and in the Y maze [working memory test (30); fig. S4 ]. In contrast, 6-to 8-month-old Ab-depositing mice showed a significantly reduced performance in both memory tests. In the water maze test, APP23xPS45 mice not only made fewer correct choices but also needed a significantly longer time for making a decision ( fig. S4, A and B) .
What are the mechanisms underlying neuronal hyperactivity in APP23xPS45 mice? The increased frequency of Ca 2+ transients may be caused by spontaneous Ca 2+ release from overfilled intracellular Ca 2+ stores because the G384A mutation was shown to abolish the presenilinmediated Ca 2+ leak from intracellular Ca 2+ stores (31) . This Ca 2+ leak is important to maintain the physiological filling state of the stores (32) . However, we found that in 4/4 mutant mice the sodium channel blocker tetrodotoxin (TTX) completely and reversibly blocked all Ca 2+ transients of hyperactive neurons, indicating that they were exclusively generated by action potential firing. This posed the next question of whether in hyperactive neurons there is an increased neuronal excitability leading to strong intrinsic firing or whether the Ca 2+ transients are driven by synaptic activity. This question was answered by the observation that the Ca 2+ transients of hyperactive neurons were completely abolished by the application of the ionotropic glutamate receptor blockers 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D,L-2-amino-5-phosphonovaleric acid (APV) (n = 7 cells in five mice) (Fig. 3A) . The synaptic origin of the Ca 2+ transients in hyperactive neurons was further supported by the finding that, in a given peri-plaque region, all neuronal Ca 2+ transients were strictly correlated with the respective neuropil signals, known to reflect primarily the activity of presynaptic fibers (27) (Fig. 3 , B and C; n = 6 experiments). The activity of hyperactive neurons surrounding a given plaque was correlated (Fig. 3, B and D) . Importantly, the spontaneous as well as glutamateinduced Ca 2+ transients detected in hyperactive neurons were very similar to those recorded in the "normal" neurons (figs. S5 and S6), indicating the absence of any major increase in intrinsic excitability in hyperactive neurons. Thus, a possible explanation for the neuronal hyperactivity may be an impairment of synaptic inhibition. In order (Fig. 3, G and H) . However, the relative frequency increase in hyperactive neurons (5.7-fold, n = 9 cells in four mice) was distinctly smaller compared with the frequency increase in normally active cells (16.3-fold, n = 13 cells in four mice). Thus, taken together, our results suggest that an impaired synaptic inhibition, rather than intracellular Ca 2+ release from store signaling or intrinsic firing, underlies hyperactivity.
What are the mediator(s) of the synaptically driven neuronal hyperactivity? The list of candidate molecules includes (i) soluble Ab42 oligomers accumulating in the vicinity of amyloid plaques (33, 34) as well as (ii) different proinflammatory mediators released from activated microglia and astrocytes. The latter include cytokines, reactive oxygen species, complement factors, free radicals, and nitric oxide (35) . These factors most likely cause an anatomical remodeling of both excitatory and inhibitory synaptic inputs that underlies the observed changes in neuronal function. Such a remodeling has been observed in two different mouse models of AD. In APP23 mice, axons of entorhinal (excitatory) neurons showed a hyperinnervation of the thalamic regions surrounding Ab plaques (36) , whereas in hAPP mice axonal sprouting of GABAergic interneurons was found in the hippocampal dentate gyrus (37) .
In conclusion, the study of the in vivo function of individual cortical neurons in a mouse model of AD revealed an increase in neuronal activity in the direct vicinity of Ab plaques. Not only do hyperactive neurons fire more frequently, they also do this in a correlated manner, thus increasing the risk for seizurelike activity. Indeed, AD patients are known to have an increased incidence of epileptic seizures (38, 39) , and spontaneous nonconvulsive seizures have been observed in the cortex and hippocampus of another AD mouse model (37) . The hyperactive neurons are likely candidates to trigger this pathological activity. Besides, hyperactivity may contribute to the calcium overload recently observed in neurites surrounding Ab plaques (40) . Together with the silent neurons, which are distributed throughout the cortex, hyperactive neurons comprise up to 50% of neuronal population, revealing a substantial dysfunction of neuronal network in APP23xPS45 mice. A strict correlation was observed between the formation of amyloid plaques, the appearance of hyperactive neurons, and the impairment of the animal's learning capability. Furthermore, the peri-plaque regions appear to act like distinct functional compartments of the diseased mouse brain. These compartments are not only "reservoirs" of bioactive molecules, attracting and activating microglia as well as causing loss of dendritic spines and axonal dystrophies (41), they also modify the functional properties of neurons, making them hyperactive. transients before, during, and after a local iontophoretic application of gabazine (60 s, 500 mM in the application pipette). (H) Summary graph illustrating the effect of gabazine on the frequency of Ca 2+ transients (n = 6 silent, 13 normal, and 9 hyperactive neurons). Error bars in each panel represent SEM.
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